Ixodes scapularis belongs to a family of hard-shelled ticks found worldwide and is a known vector for viral and bacterial pathogens, such as those causing Lyme disease, ehrlichiosis, Rocky Mountain spotted fever, and babesiosis (2, 51, 56) . Unlike other hematophagous vectors of human disease that feed rapidly, such as mosquitoes or flies, I. scapularis feeds for 3 to 10 days and delivers saliva into the host for the duration of the attachment (1) . I. scapularis saliva contains a potent array of antihemostatic, anti-inflammatory, and immunomodulatory components that aid in blood feeding, inhibit the immune response, and enhance infections in vivo, including murine infection with Borrelia burgdorferi, the causative agent of Lyme disease (7, 10, 12, 15, 25, 35-38, 45, 46, 49, 54, 59, 64) . The immunomodulatory components of Ixodes saliva include wellcharacterized antihistamines; kininases; antioxidants; anticoagulants (7, 10, 12, 24, 25, 35, 37, 59, 60) ; prostaglandin E2, which inhibits dendritic cell maturation (14, 48, 55) ; and Salp15, which inhibits CD4 ϩ T-cell-mediated immune response in vivo and inhibits killing of spirochetes (3, 13, 21, 42, 50) .
Polymorphonuclear leukocytes (PMN) are the first immune cells to arrive at the site of B. burgdorferi infection (4), and saliva inhibits critical PMN functions, such as phagocytosis and superoxide production (47) . We have previously shown that one mechanism of inhibition of human PMN is through downregulation of ␤ 2 integrins, cell surface receptors that mediate adhesion and are critical for activation of the innate immune responses (23, 32, 52) . Saliva-treated PMN are less adherent, bind fewer spirochetes, and show a dose-dependent downregulation of CD18, the common ␤-chain for leukocyte ␤ 2 integrins (32) .
A recent transcriptome analysis of the salivary glands of the I. scapularis tick identified 735 clones for analysis (61) , including two candidate "disintegrins," small proteins that inhibit integrin binding and are also present in the hookworm, in snake venom, and in other arthropod vectors (19) . A platelet disintegrin molecule has been described in the salivary glands of the soft tick Ornithodoros moubata (22) , and rhodostomin, a disintegrin from snake venom, decreases PMN binding through integrins and reduces PMN O 2 Ϫ production (33, 58) . Ixodes saliva demonstrates functions of disintegrins, including blocking PMN integrins (32) and reducing O 2 Ϫ production (47) . In this study, we describe two tick salivary proteins that inhibit the functions of human PMN and modulate the course of murine infection with B. burgdorferi.
MATERIALS AND METHODS

PMN isolation.
Heparinized blood from healthy human volunteers was obtained with informed consent under the guidelines of the Human Investigations Committee of Yale University School of Medicine. PMN were isolated by dextran density sedimentation and hypotonic lysis of red blood cells, as described previously (32) .
PMN flow cytometry. PMN (10 6 /100 l) were resuspended in phosphatebuffered saline (PBS) containing Ca 2ϩ , Mg 2ϩ , 0.1% bovine serum albumin (BSA), and physiologic glucose (5.4 mM). The cells were untreated or preincubated for 1 h at 37°C with saliva from control-or double-stranded RNA (dsRNA)-treated ticks or with the recombinant tick proteins ISL 929 and ISL 1373. Following preincubation, the cells were stimulated with tumor necrosis factor alpha (TNF-␣) (15 ng/ml; R&D Systems, Minneapolis, MN) for 30 min at 37°C. Integrins were labeled for 1 h in PBS-BSA at 4°C with specific human antibodies: fluorescein isothiocyanate-conjugated anti-CD18 and phycoerythrinconjugated CD11b (DakoCytomation, Glostrup, Denmark). Fluorescein isothiocyanate-conjugated anti-CD15 (DakoCytomation) served as a control. We had previously shown that CD15 expression is not affected by saliva treatment (32) . The cells were fixed in 0.5% paraformaldehyde and stored at 4°C until they were analyzed by fluorescence-activated cell sorting (FACS) (FACSCalibur; Becton Dickinson, Franklin Lakes, NJ).
PMN O 2
؊ production. PMN (10 5 /100 l PBS with Ca 2ϩ /Mg 2ϩ , 5.4 mM glucose, and 0.1% BSA) were pretreated with saliva from control-or dsRNAtreated ticks, or recombinant ISL 929 or ISL 1373 (2 g/10 6 cells), and assayed at 37°C for O 2 Ϫ production using the chemiluminescent Diogenes Kit (National Diagnostics, Atlanta, GA) according to the manufacturer's instructions. Production of O 2 Ϫ was triggered by the addition of phorbol myristate acetate (PMA) (0.2 g/l in dimethyl sulfoxide) to resting PMN or by the addition of 2 g monoclonal mouse anti-human myeloperoxidase antibody to TNF-␣-primed PMN (2 ng/ml; 37°C; 10 min). Measurements of Diogenes luminescence were taken for 30 min, and the cells were maintained at 37°C throughout the assay. Each measurement was collected over 3 s using a luminometer (TD-20/20; Turner Designs, Sunnyvale, CA).
Preparation of dsRNA for RNAi. cDNAs corresponding to ISL 929 and ISL 1373 were generously provided by Ivo Fransichetti and Jose Ribeiro of the NIH Laboratory of Parasitic Diseases (61) . Primers containing BglII and XhoI restriction sites were used to amplify a region homologous to both of them. The primers were 5Ј-GAGCTCTGTGAAGAACAATCGGAAGC-3Ј and 5Ј-CTCG AGTTCCGCAAGGGGTACCATCC-3Ј. The resultant amplicons were purified and cloned into the BglII-XhoI sites of the L4440 double T7 Script II vector as described previously (36) . dsRNA was designed to encompass the conserved interior regions of ISL 929 and ISL 1373 with salp 13, with which they share about 50% identity and an additional 35% similarity. dsRNA was synthesized by in vitro transcription using the Megascript RNA interference (RNAi) kit (Ambion, Austin, TX) and quantified spectrophotometrically (ND-1000; Nanodrop Technologies, Inc., Wilmington, DE).
Tick husbandry and production of tick saliva. I. scapularis nymphs and larvae were obtained from a tick colony at the Connecticut Agricultural Experiment Station (New Haven, CT). The nymphs were fed to repletion on pathogen-free C3H/HeN mice and allowed to molt to adults. Feeding experiments with nymphs involved feeding 15 to 20 uninfected nymphs or 5 or 6 Borrelia-infected nymphs on 4-to 6-week-old female C3H mice. For feeding experiments with adult ticks, 20 pathogen-free adult female ticks were first microinjected with 0.5 l of dsRNA prepared as described above or buffer alone (control) in the body and allowed to rest for 1 day before feeding as previously described (36) . Ticks were placed on each ear of naive New Zealand White rabbits. The ears were secured with cotton socks, and a restraining collar was placed around the neck of each rabbit. Adult I. scapularis males were placed with females at a 1:1 ratio to ensure mating and feeding, and at least two rabbits were used in each experiment. The ticks were allowed to feed for 5 to 7 days until they were engorged and were then gently removed for RNA analysis, protein extraction, and saliva collection. Fed adult ticks were dissected, and individual salivary glands were resuspended in 100 l of PBS and homogenized on ice for 1 min with a handheld homogenizer, and the protein was estimated using a BCA protein estimation kit (Pierce, IL). Saliva was collected from fed ticks following pilocarpine stimulation, and saliva from each tick was stored individually to allow the use of control saliva corresponding to positive ISL 929 and ISL 1373 expression and knockdown saliva corresponding to negative ISL 929 and ISL 1373 expression. The saliva and salivary gland homogenates were stored at Ϫ80°C until they were used (32) .
RT-PCR of tick salivary glands. I. scapularis ticks were dissected after feeding, and the salivary glands and midguts were individually suspended in TRIzol for RNA isolation according to the manufacturer's protocol (Invitrogen, CA). For temporal analysis of gene expression, at least 15 to 20 nymphal ticks were allowed to feed for 72 h on mice as described above. The midguts and salivary glands from pools of three ticks were dissected, RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions, and at least three biological replicates were examined. The isolated RNA was used to generate cDNA using the iScript reverse transcription (RT)-PCR kit (Stratagene, Cedar Creek, TX) and was analyzed by PCR for the expression of tick actin, ISL 929, and ISL 1373 (36) . The primers for the tick proteins were as follows: actin 5Ј primer, 5Ј-GAT GAC CCA GAT CAT GTT CG-3Ј, and 3Ј primer, 5Ј-GCC GAT GGT GAT CAC CTG-3Ј; ISL 929 5Ј primer, 5Ј-CCT AAG CTT ATG CAA CTG GCC CTC TTC ATG-3Ј, and 3Ј primer, 5Ј-CCT CTC GAG CGT ACG AAG GTC ATT TGG C-3Ј; ISL 1373 5Ј primer, 5Ј-AAG CTT ATG CAA CTG GCC CTC TTC CTG-3Ј, and 3Ј primer, 5Ј-CTC GAG CGT ATT CGC CCT TTC AAT CC-3Ј. Quantitative PCR (qPCR) was performed using the iQ Syber Green Supermix (Bio-Rad, CA) on an MJ cycler (MJ Research, CA). Data were normalized to tick actin, and the results were expressed as mean Ϯ standard error. Transcript levels were expressed as ng or pg of gene per ng of tick actin.
Expression and purification of recombinant salivary proteins. The coding sequences of the ISL 929 (GenBank access number AF483719) and ISL 1373 (GenBank access number AF483720) genes were inserted between SpeI and XhoI into the multicloning site of the inducible secretory expression vector pMT/BiP/V5-His B of the Drosophila Expression System (Invitrogen), in frame with both the upstream signal peptide and the downstream His tag. Each expression vector was cotransfected with the pCoHygro selection vector into Drosophila S2 cells with CellFectin reagent (Invitrogen). The S2 cells were cultured in Schneider's Drosophila Medium (Invitrogen) at room temperature. Cells were selected with hygromycin B (1 mg/ml) for stable expression of tick proteins. For purification of recombinant ISL 929 and ISL 1373 proteins, stable cell lines were cultured in suspension in Express Five SFM serum-free medium (Invitrogen) and induced with 600 M CuSO 4 for 5 days. The cell supernatants were harvested, centrifuged (5,465 ϫ g; 4°C; 20 min) to remove debris, buffer exchanged, and concentrated to 50 ml using the Amicon stirred-cell system NMWL 5000 at 35 lb/in 2 N 2 at 4°C (Millipore, Bedford, MA). Recombinant ISL 929 and ISL 1373 were purified using His tag affinity column chromatography with Talon beads (BD Biosciences, San Jose, CA). The eluted protein fractions were buffer exchanged into PBS containing 1ϫ Complete EDTA Free protease inhibitor (Roche, Indianapolis, IN). The protein yield was quantified by Bradford assay, and the purity of the isolated proteins was assessed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis analysis. Recombinant ISL 929 and ISL 1373 were aliquoted and stored at Ϫ20°C until they were used.
Mouse immunization, tick infestation, and infection with B. burgdorferi. C3H/ HeN mice (n ϭ 5/group) were immunized with a mixture of ISL 929 and ISL 1373 proteins (5 g of each protein per mouse per immunization) in complete Freund's adjuvant for the initial immunization and boosted twice at 2-week intervals with 5 g of ISL 1373 and ISL 929 or BSA in incomplete Freund's adjuvant. Sera were collected 2 weeks after the final boost and evaluated by immunoblotting (36) for the ability to react with recombinant ISL 1373 and ISL 929. End point titers were determined by enzyme-linked immunosorbent assay using serial dilutions of mouse sera and recombinant ISL 929 and ISL 1373 (1 g/well) and detection with conjugated anti-mouse antibodies as described previously (27) . The titers were determined to be Ͼ300,000 against each protein (endpoint titer at an optical density of 0.1 for the average of five mice, 1:469,042 for ISL 929 and 1:332,551 for ISL 1373); preimmune serum from each mouse served as a control.
Uninfected ticks (10 to 15/mouse) were allowed to feed on naïve control and immunized mice for up to 4 days. At harvest, the tick weights were documented and the salivary glands were dissected. In separate experiments, ISL 929/1373-and BSA-immunized mice were challenged with 5 or 6 B. burgdorferi-infected nymphs or 20 uninfected nymphs, and the ticks were allowed to feed to repletion. All of the ticks were weighed to assess the efficiency of tick engorgement. In transmission experiments, ticks were dissected in pools of three and analyzed by quantitative RT-PCR for the viable Borrelia burden in the tick as described previously (37) . Skin biopsy specimens were taken at 4, 7, and 14 days postinfection, and after 21 days, the mice were sacrificed; the skin, heart, bladder, spleen, and joints were collected aseptically; and DNA was isolated using the DNAeasy Blood and Tissue kit (Qiagen, CA). The infection status of the mice was detected by culture of spirochetes from the bladder in 6 ml of BarbourStoenner-Kelly medium (BSK-H; Sigma Chemical Co., St. Louis, MO) for 5 days at 30°C and by assessment of the spirochete burden in harvested organs by DNA PCR using mouse actin and Borrelia flaB primers according to our standard methods (31, 34) . Spirochetes were quantified in a Petroff-Hausser counter (Hausser Scientific, Horsham, PA) using a dark-field microscope (Carl Zeiss Microimaging, Inc.). The infection status was confirmed by serum reactivity against B. burgdorferi lysate by immunoblotting as described previously (31, 34) .
Histopathology and semiquantitative tissue analysis. Ears were harvested at 3 days for histologic analysis of PMN recruitment at the site of the tick bite, and observers were blinded to the study conditions until after the histopathologic features were assessed. Briefly, mice were euthanized, and the external ear pinnae were excised at the base of the ear, fixed in 10% neutral buffered formalin (VWR International, Batavia, IL), and processed by routine methods. Prior to being embedded in paraffin, the ears were "bread-loafed" into four approximately equal-size strips by cutting parallel to the ear base from proximal to distal (see Fig. 3a and b). The strips were rotated 90°, embedded in paraffin (Blue RiBbon; Surgipath Medical Industries, Inc., Richmond, IL), and serially sectioned at a thickness of 5 m. The 1st, 5th, 10th, 15th, and 20th sections of 35 total sections were stained with hematoxylin and eosin, followed by placement of coverslips. The hematoxylin-and eosin-stained slides were assessed at low and high power and scored for the presence and extent (severity) of the tissue changes using a semiquantitative criterion-based methodology adapted from our previous analysis of murine carditis (31) . The entire tissue section on each slide was examined (10 to 40 microscope fields at each magnification or 60 to 90 fields per section) for each of the five sections per ear so that approximately 300 to 450 fields per ear were examined at low power. All foci of inflammation above background were examined at high power (ϫ40) to assess the specific nature of 
RESULTS
Expression profiles of ISL 929 and ISL 1373 in tick salivary glands. The recent description of 735 clones from an Ixodes salivary gland cDNA library revealed numerous proteins, including some that might act to disrupt host integrin function. The predicted sequences of ISL 929 and ISL 1373 were identified based on homology to the cysteine-rich domains of ADAMTS (a disintegrin and metalloprotease with thrombospondin motifs) metalloproteases, which are postulated to interact with integrins through cysteine-rich domains (44, 61) . These two candidate inhibitors from Ixodes contain eight conserved cysteine residues, lack RGD sequences, and have similarities to the cysteine-rich domains of ADAMTS proteins from snake venoms (19) . We assessed the expression of ISL 929 and ISL 1373 by real-time PCR in Ixodes tick salivary glands and midguts. Spatial and temporal analysis of the expression profiles showed that both ISL 929 and ISL 1373 were preferentially expressed in salivary glands, with little or no expression in the midguts of either nymphal or adult ticks (Fig.  1A) . By examining expression before and during the ticks' feeding, we assessed the kinetics of expression that may indicate the likely timing of their function. In unfed nymphs, the transcripts for both genes were undetectable. Expression of ISL 929 and ISL 1373 was induced during tick feeding (Fig.  1A) , suggesting a predominant role for these gene products at the vector-host interface.
To assess the effects of Ixodes salivary proteins directly, we employed RNAi technology to knock down the expression of ISL 929 and ISL 1373 in the salivary glands prior to the harvesting of saliva from ticks. A dsRNA sequence (Table 1) was designed to target a shared interior domain from the ISL 929 and ISL 1373 genes and the related salp 13 salivary gene (7) . The goal was to knock down all three genes simultaneously, as targeting individual members of closely related paralogous families often provides a weak phenotype because the related members compensate for the loss of function. This is consistent with our earlier work demonstrating that paralogous family members may be simultaneously silenced when conserved regions are targeted (36) . While we cannot entirely rule out the possibility of off-target silencing, a protein BLAST search with each of these three genes against the I. scapularis genome database showed limited (26 to 30%) identity with ISCW014580-PA, ISCW02368, and ISCW004535, three structurally related members of this gene family. We did not expect these genes to be altered in the described RNAi experiments, since distinct 21-nucleotide stretches of identity between the designed dsRNA and these genes were absent (41) .
Ticks were microinjected with dsRNA (4.5 nl/tick; 1 ϫ 10 12 molecules/l) in the body using glass capillary needles (36, 37) . Although expression was not uniform, both ISL 929 and ISL 1373 were detected in most ticks injected with buffer alone (control), with ISL 929 being detected in a higher proportion of individual ticks (Fig. 1B) . After injection with dsRNA, RT-PCR showed that mRNAs for ISL 929 and ISL 1373 were knocked down in about 50% of the treated ticks (Fig. 1B) , in keeping with previous results (37) . Expression of the targeted ISL 929 and ISL 1373 genes, but not the unrelated salp 25D salivary gene, was significantly reduced by dsRNA treatment, as shown by qPCR of selected ticks (Fig. 1C) . Western blotting of tick salivary gland extracts was insufficiently sensitive to demonstrate reduction in protein expression of ISL 929 and ISL 1373 after dsRNA treatment of ticks (data not shown). While mRNA was reduced by RNAi treatment, mRNA and protein levels are not always correlated, and thus, we relied on differences in the biological effects of the saliva from dsRNAtreated ticks to indicate whether protein levels were affected.
To control for variation in individual ticks both in initial expression of the proteins and in the efficiency of dsRNA knockdown, we collected and stored saliva from each tick individually and correlated each tick with the expression level. Experiments were conducted with control saliva corresponding to positive ISL 929 and ISL 1373 expression and knockdown saliva corresponding to negative ISL 929 and ISL 1373 expression. Saliva inhibitors downregulate human PMN surface expression of ␤ 2 integrin. Previously, we showed a dose-dependent downregulation of CD18 expression on human PMN in response to treatment with Ixodes tick saliva (32) . To determine the roles of candidate salivary inhibitors in the downregulation of PMN integrins, we assessed the expression of CD18 on PMN treated with saliva from control-or dsRNA-injected ticks. As expected, saliva from control-injected ticks resulted in reduction of CD18 on PMN by 50% (P Ͻ 0.0005; paired t test) ( Table 2 ). CD18 levels on PMN treated with saliva from ticks that had been injected with dsRNA were still lower than on untreated cells, but they were significantly higher than on PMN treated with control saliva (P Ͻ 0.01) ( Table 2) , suggesting roles for ISL 929 and ISL 1373 in downregulation of PMN integrins. Attempts to reproduce the effect on CD18 expression using salivary gland extracts did not yield similar results (data not shown).
The effects of tick salivary inhibitors in reducing integrin expression on PMN were assessed directly by treating PMN with purified recombinant ISL 929 and ISL 1373 produced in Drosophila S2 cells (42) . Upon stimulation with TNF-␣, levels of both CD18 (common ␤-chain) and CD11b (␣-chain) were increased as expected (average mean fluorescence intensity [MFI] resting and after TNF treatment for CD18, 87.89 Ϯ 4.58 and 134.07 Ϯ 6.10, n ϭ 8; for CD11b, 669.34 Ϯ 51.53 and 1,285.20 Ϯ 88.72, n ϭ 14). Both CD18 and CD11b were downregulated by incubation with ISL 929 and ISL 1373 in cells stimulated by TNF-␣, as seen previously with native saliva (32) . Levels of CD18 were significantly reduced in a dose-dependent manner by both recombinant proteins (Table 1) (P Ͻ 0.04 at 2 g; P Ͻ 0.003 at 20 g; paired t test). Control treatments of PMN with culture medium from S2 cells processed in parallel with ISL 929 and ISL 1373 did not change the levels of integrins, while incubation with an unrelated protein also produced in S2 cells (West Nile virus envelope protein [26] ) increased the expression of CD11b and CD18 (data not shown). The reduction in integrins noted with ISL 929 and ISL 1373 is especially relevant, as PMN are highly reactive cells and are easily triggered; thus, impurities in the preparation might be expected to increase integrin expression on PMN rather than decrease it. We noted reduced integrin expression after pretreatment with ISL 929 or ISL 1373 in both the presence and absence of TNF-␣ and a similar reduction of CD11b and CD18 when monocytes were incubated with ISL 929 and ISL 1373 (data not shown), suggesting that the tick proteins have similar effects in monocytes and that inhibition may be broad based in vivo. Although our study did not identify the mechanism of action, the relatively short incubation time required suggests that ISL 929 and ISL 1373 may increase the internalization of integrins or their disappearance from the cell surface.
Inhibition of PMN O 2 ؊ release by salivary proteins. Saliva from Ixodes ticks has been shown previously to inhibit O 2 Ϫ production by rat neutrophils (47) . We assessed the effects of Ϫ from PMN treated with tick saliva was reduced approximately 45% ( Fig. 2A) , as expected from studies of tick saliva and PMN of other species. However, no inhibition of production of O 2 Ϫ was detected when PMN were treated with saliva from dsRNA-injected ticks containing reduced or absent levels of ISL 929 and ISL 1373 ( Fig. 2A) .
The peak values integrated from the first 10 min of O 2 Ϫ production show that the PMN treated with saliva from control-injected ticks produced significantly less O 2 Ϫ (78%) than either untreated PMN or PMN treated with saliva from the dsRNA-injected ticks (Fig. 2B ) (n ϭ 5; P Ͻ 0.05). The difference between saliva from control-and dsRNA-injected ticks was statistically significant when either was compared to untreated cells or to the other saliva (Fig. 2B) (Fig. 2C) . As with the decrease after treatment with saliva, the peak values integrated from the first 10 min of O 2 Ϫ production show that the PMN treated with ISL 929 and ISL 1373 produced significantly less O 2 Ϫ (73% and 78%, respectively) than untreated PMN (Fig. 2C ) (paired t test; n ϭ 6; P Ͻ 0.001). The inhibition effect is dose dependent and was also noted when O 2 Ϫ production was triggered by a distinct mechanism using a monoclonal antibody directed against the PMN component myeloperoxidase from TNF-␣-primed neutrophils (43) (n ϭ 3; P Ͻ 0.05; data not shown). This finding is consistent with the downregulation of CD18/ CD11b (Table 1) , as CD18 is required for anti-myeloperoxidase-induced O 2 Ϫ production (43). Effects of ISL 929 and ISL 1373 on PMN accumulation at the tick attachment site in vivo. The reduction in PMN adherence noted with saliva treatment in vitro would be expected to reduce migration in tissue. To assess the effects of the inhibitory proteins in vivo, we immunized mice with a cocktail of recombinant ISL 929 and ISL 1373 proteins. Immunoblots performed 2 weeks after the final immunization showed that antisera from all the ISL 929/1373-immunized mice, but not from control BSA-immunized mice, reacted with the recombinant proteins; an enzyme-linked immunosorbent assay showed that sera from immunized mice recognized recombinant ISL 929 and ISL 1373 at a dilution of Ͼ1:300,000. Native ISL 929/1373 proteins in salivary gland extracts were below detection by Western blotting. Thus, while we cannot rule out a contribution from cross-reactive antibodies, antisera from ISL 929/1373-immunized mice did not recognize any of a panel of other tick proteins tested, such as salp 9, salp 15, salp 25D, or rMIF; there was slight cross-reactivity to salp 13, as might be expected (18, 35) .
Naïve ticks were allowed to feed on BSA-or ISL 929/1373-immunized mice for 3 days, and then ears were harvested to assess PMN accumulation at the site of tick attachment. The ticks had comparable engorgement weights when feeding on either group of mice (average weights Ϯ standard errors of the mean [SEM]: BSA immunized, 3.2 Ϯ 0.2 mg, n ϭ 45 ticks; ISL 929/1373 immunized, 2.9 Ϯ 0.2 mg, n ϭ 38 ticks; differences not significant [NS] ; paired t test) indicating that interference with these proteins did not reduce feeding efficiency, in contrast to our earlier studies with the knockdown of tick anticoagulants (36). b Significant reduction in staining (P Յ 0.04) in surface integrin compared to untreated PMN (paired t test).
c Significant reduction in staining (P Յ 0.003) in surface integrin compared to untreated PMN (paired t test).
To assess the effects of immunization with ISL 929/1373 on PMN accumulation in vivo, serial sections of the external ear at the site of tick attachment were stained with hematoxylin and eosin, and approximately 300 to 450 fields from the 1st, 5th, 10, 15th, and 20th sections of 35 total sections per ear were examined at low power. All foci of inflammation above background were examined at high power (ϫ40) to assess the specific nature of the inflammation. Histologic examination revealed an extensive inflammatory infiltrate in both groups of mice that was focused within the subjacent dermis and subcutis and extended through the underlying muscle to the pinna cartilage (Fig. 3) . Additional changes included edema, myonecrosis and loss, vascular congestion, and hemorrhage, similar to dermatologic changes noted in human patients after tick bites (5). In the ear pinnae of mice immunized with BSA, the character of the inflammatory infiltrate consisted predominantly of mononuclear cells (lymphocytes, plasma cells, and macrophages). In contrast, in mice immunized with ISL 929/1373, abundant PMN were detected at the site of tick attachment; PMN were infrequent in BSA-immunized mice (Fig. 3) . The severity and extent of the inflammatory infiltrate were quantified using a scale from 0 to 5 and were significantly greater in mice immunized with ISL 929/1373 than in mice immunized with BSA alone, i.e., the ISL 929/1373-immunized mice were more able 6; all differences NS; paired t test) were equivalent. The comparable level of B. burgdorferi infection suggests that spirochete maintenance was not affected by feeding on immunized mice, although we cannot rule out possible effects on the migration of spirochetes through the ticks after feeding.
We assessed the course of infection by detection of the spirochete load after 4, 7, 14, and 21 days of infection (earlier time points were below detection). PCR analysis of skin at early time points prior to the dissemination of spirochetes indicated that the spirochete burden was lower in animals immunized with ISL 929/1373 than in BSA-immunized mice (Fig. 4A) . Analysis of selected murine tissues at the peak of infection (21 days) revealed reduced spirochete burdens in both the skin and joints of ISL 929/1373-immunized mice compared to BSA-immunized mice; this reached significance in skin samples (Fig. 4B) . The lower spirochete burden in animals in which ISL 929 and ISL 1373 were blocked suggests a more efficient clearance of spirochetes and that salivary protein inhibition of PMN function may play a role in the initial clearance of spirochetes. The spirochete burdens in the heart at 21 days were not significantly different in the control and immunized groups (data not shown), perhaps reflecting different kinetics of dissemination to the heart or that spirochete replication in the heart tissue overcomes any initial impairment.
DISCUSSION
The tick sialome includes two cysteine-rich peptides with homology to the cysteine-rich domain of disintegrin metalloproteinases, a family of structurally and evolutionarily related negative regulators of integrins, including ADAMs and ADAMTS (29, 44, 57, 61) . Disintegrins bind to integrins and interfere with ligand binding, probably through competitive inhibition; the cysteine-rich domain of ADAM/ADAMTS serves to target the molecule to the substrates and facilitates enzymatic functions (53) . Disintegrins in tick saliva inhibit platelet aggregation and are important for successful tick feeding (8, 11, 16) . ISL 929 and ISL 1373 belong to the ixostatin family and have been proposed to be involved in angiogenesis and repair inhibition (44) . Although they downregulate PMN integrin expression, several lines of evidence suggest that the ISL 929 and ISL 1373 proteins differ from disintegrins. Predicted ISL 929 and ISL 1373 structures lack homology to disintegrins and also lack the Arg-Gly-Asp (RGD) motif, a common sequence in disintegrins that resides within a ␤-loop structure and interferes with integrin binding to their ligands (17, 20) . The RGD tripeptide sequence is the prototype recognition motif among cell adhesion sequences recognized by integrins, such as clotting factors, collagen, the von Willebrand factor, fibronectin, fibrinogen, and thrombospondin, and mediates their adhesive functions (17) . Some disintegrins are potent inhibitors of cell adhesion and produce an anticoagulant effect through competitive inhibition of platelet glycoprotein IIb-IIIa by attaching to the metal ion in the binding pocket (17) . There are a significant number of ligands for integrins that do not contain an RGD sequence, including naturally occurring host proteins, such as ICAM-1, a common ligand for LFA-1 and MAC-1. Neutrophil (PMN) inhibitory factor (NIF), found in hookworms (33) ; atrolysin A, found in snake venom (20) ; obtustatin, found in snake venom (30) ; and disagregin, found in the tick O. moubata (22) , have all been shown to inhibit integrins independently of RGD motifs. The manner in which these non-RGD disintegrins bind to integrins and inhibit their function is not fully understood.
Here, we have shown that two salivary proteins are induced upon tick feeding and predominantly expressed in the salivary glands of adult and nymphal Ixodes ticks. ISL 929 and ISL 1373 significantly reduced the expression of CD18 and inhibited production of O 2 Ϫ by PMN in vitro. The effect of this inhibition was noted both with purified recombinant proteins and with saliva harvested from ticks with reduced levels of ISL 929 and ISL 1373 through targeted RNAi knockdown. While the studies with recombinant ISL 929 and ISL 1373 proteins confirmed that the most likely result of the knockdown was the targeted genes, we cannot rule out the contribution of unintended knockdowns or off-target silencing. Taken together, these results suggest that ISL 929 and ISL 1373 from tick saliva contribute to the inhibition of PMN functions shown previously with tick saliva (32, 47) .
We examined the roles of salivary inhibitory proteins in PMN function in vivo in murine skin. Although we have previously shown that saliva does not interfere with the orientation and locomotion per se of PMN in vitro in response to a chemotactic stimulus, saliva reduces PMN adherence in vitro (32) . In murine skin, immunization against ISL 929 and ISL 1373 promoted PMN accumulation at the site of tick attachment, suggesting that these proteins inhibit PMN recruitment or accumulation in vivo. Saliva and salivary gland extracts from several tick species have been shown to affect PMN recruitment by interference with chemokine signaling, including downregulation of the chemokine receptor CCR5 and production of chemokine binding proteins (9, 39, 40) , and interference with chemotaxis by RGD-containing disintegrins from snake venom has been noted (6, 28) . In our studies, mice with immunity to ISL 929 and ISL 1373 also had a significant reduction in the spirochete burden in the skin after tick-transmitted infection with B. burgdorferi, both at early time points and at the peak of infection, suggesting that antibody-mediated inactivation of these proteins promoted PMN clearance of spirochetes in the skin. Previously, when PMN recruitment was increased through expression of PMN chemokines by transfected B. burgdorferi, spirochetes were also cleared more rapidly (62) .
Our results show that two tick salivary proteins can inhibit PMN function and may contribute to both efficient tick feeding and transmission of pathogens. Although the spirochete burden alone need not be directly correlated with disease (63), saliva has been shown to influence the kinetics of infection (54) , and Salp 15 has been shown to enhance spirochete survival and effect joint inflammation in a murine model in vivo (42) . Our increased understanding of the impressive complexity of arthropod saliva and the interaction of pathogens with vectors and hosts has begun to reveal mechanisms for the control of infection. Our results illustrate one mechanism of tick control of the host immune function at the inoculation site and identify two proteins that may be suitable targets for therapeutic control of inflammation in the skin.
